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---------------------------------------------------------------------------------------------------------------

4 The quest for physics beyond the Standard Model at the LHC has started!

< How to get hints of new physics!?
* Confront data to the Standard Model expectation in search channels
* Observe unexplained deviations at a good confidence level

< Nature of non standard effects!?
* Fitting deviations by new physics signals
* Leading order Monte Carlo tools and techniques do a proper job
* Reinterpretation of the signals in different theoretical frameworks

% Final words on the nature of new physics
* Accurate measurements of the model parameters
* The most precise predictions are mandatory

---------------------------------------------------------------------------------------------------------------
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SUSY-QCD Conclusions

4 Distribution of an observable @ at hadron colliders

® Predictions relies on the QCD factorization theorem

: do
i~ = Z/dxa dxp fa/p, (X5 F) fb/p, (Xbi 1) dab
ab W

(coootie);

% Long distance physics: the parton densities

% Short distance physics: the differential parton cross section doab

% Separation of both regimes through the factorization scale pr
* Choice of the scale: theoretical uncertainties on the predictions
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---------------------------------------------------------------------------------------------------------------

.: ] ) o T [Roo(Dec’|3)] “‘I
. 4 Long distance physics: parton densities NNPDF23 dataset " !
, 5 107 | 5 s [ R N S S E
: % Relate the colliding hadrons to their content = | : | :
: 106§ i :EZ':SSV ................ e S S R s b @ :
: < Depend on the momentum fraction x of o :
: the parton in the proton and on a scale Q St :
i Fitted from experimental data in some R 5
5 kinematical regimes (x,Q) T e 5
: . . e :
: % QCD evolution (DGLAP/BFKL equations) = :
: oo :

4 Short distance physics: the partonic cross section

* The more orders included, the more precise are the predictions
* (s is also series-expanded (renormalization scale dependence)
* Truncation of the series and s: theoretical uncertainties on the predictions

- e e mE s s .-
M T R R R T T
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* Leading-order (LO): do = do®¥)

% Easily calculable
* Automated for any theory and any process (MADGRAPH, etc.)

% Very naive
* Rough estimate for many observables (large uncertainties)
* Cannot be used for any observable (e.g., dilepton pr)

G E E E E EEE W W EE W N NN NN EEEE

-----------------------------------------------------------------------------------------------------------

4 Next-to-leading-order (NLO):do =~ do© + a; do(") = The Drell-Yan example:
N . .. . Representative virtual
% Two contributions: virtual loop and real emission

* Both divergent
* The sum is finite (KLN theorem)

* First order where loops compensate the scale dependence

% Better description of the process 14
* Impact of extra radiation q
* More initial states included :
* Sometimes not precise enough

%
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------------------------------------------------------------------------------------------------------

-~

- Tevatron Data ] L Tevatron Data
— 10FE e IIOICCh o : Leading order
: '.‘> - Next-to-leading order > 10" 1l Next-to-leading order
§ - F
o A
Q0 \ — 10 v
o) - —
| . Q107 F
S0 =
= S 107}
= 107 E = s
B - w 107 F ]
3L @ : :
S0 = 10°F !
-4 I | | I | 10-7 I | I I | I|
107100 200 300 400 0 50 100 150 200 250

M [GeV] p, [GeV]

% Fair agreement for the invariant-mass spectrum both at LO and NLO

% Transverse-momentum spectrum
* The NLO is actually the LO...
* Divergent predictions at small pt;underestimation at medium pr
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4 Improving the NLO results
% NLO calculations involve logarithmic terms
* Related to soft and collinear radiation
* Can be large in some phase space regions Need for NLO
* Spoil the convergence of the perturbative series Monte Carlo generators

% Matching with parton showers
* Resummation of the soft and collinear radiation
* Predictions of fully exclusive description of collisions
* Suitable for going beyond the parton level (hadronization, detector simulation)

GEEN EN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN W My
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: reRnRssssnas S :
: Lo Ik Leading order P
! N Next-to-leading order "
: % Resummation .
: g 1071 E E
; 4 Back to the Drell-Yan example @ the Tevatron -
: . = E
: < Confronting resummed spectra and data B 107} ¥
* Very good agreement :
* Resummation cures fixed-order instabilities : ke 107 F
: v :
E 107 ! ! | | | E
;‘ ':
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---------------------------------------------------------------------------------------------------------------

" 4 Contributions to an NLO result in QCD

% Three ingredients: the Born, virtual loop and real emission contributions

Reals: one extra power Virtuals: one extra power
of & and divergent of &s and divergent

< KLN theorem: the divergences cancel for infrared-safe observables
* [f no distinction between soft-and-collinear emission from the no-emission case

GAE BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M My
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---------------------------------------------------------------------------------------------------------------

How to compute the

real and virtual pieces with
MADGRAPH5 aMC@NLO?
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---------------------------------------------------------------------------------------------------------------

* Loop diagram calculations m-point diagram with n external momenta
i o Calculations done in d=4-2¢ dimensions @ ko
: . . 5 f ¥
* Divergences made explicit (1/&4 1/¢) k. :
% Loop integral rewritten with scalar integrals kgt
L N(l) ............................................................................... R :
: d’l = ff; | dl :
DoD1 ... Dp—1 Z oor D;,D;, :
* Involves integrals with up to four denominators :
* The decomposition basis is finite o TThTE
E * The coefficients depend on the external momenta ° ke :
i % The Ossala-Papadopoulos-Pittau (OPP) technique 1 ossaia, papadopouios, ictau (NpB07) 1 5
* Reduction made at the level of the integrand
:‘ * Used in MADLOOP (the loop module of aMC@NLO) [ Hirschi et al. gHEP'11) ] :

---------------------------------------------------------------------------------------------------------------

NLO predictions matched to parton showers for new physics Benjamin Fuks - 16.12.2015 - 11



Need for precision Monte Carlo Automated NLO calculations in QCD Stop pair-production SUSY-QCD Conclusions

---------------------------------------------------------------------------------------------------------------

. 4 Apparition of spurious terms in the reduction :
¢ An integral equality does not mean an integrand equality
E ................................ N(Z) ............................................................................... 1 ..................................................... N (l) ................................................................ 1 ............... E
: d?l = coeff; | d°l == — ff ;
: DoDy ... Dy Z D;, Dy, DoD; ...Dyq ZCOG " Dy, Dy, :
% Spurlous terms appears 5
e R 5
DoDs ... Dy Z (coeff; + spurious; (1)) D Dil
* Their integral vanishes
: * Their momenta dependence is known [ del Aguila, Pittau JHEP'04) ] :
5 '2‘The integrand numerator can be decomposed 5
: R S el ——. |
E N(l> = Z |:di0i17:27:3 + di0i1i2i3 (l)} H D; + Z {C’ioiﬂé + Cigiyis (l)} H D; E
E 10<t1<12<13 1%#10,%1,12,13 10<i1<i2 110,581,192 E
E m—1 ~ m—1 m—1 E
E + Z |:bi0i1 + b’ioil (l)} D; + [azo + azo } H D; + P(l) H D; + O(E E
: i0<i1 ii0,i1 io iig

----------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

. 4 The numerator is computed from specific choices for the loop momentum :
pro— T ———— T — S e |
N(l) - Z [dioi1i2’i3 + d’ioi1i2’i3 (l)} H D; + Z [Cioillé + Cigiqis (l)} [ D; E
10<t1<t2<13 17#10,%1,%2,3 P0<i1<io i£i0,i1,19 E

m—1 E
+ 3 [bioia + Bigis (0] H D, +Z[azo—|—azo )| HD +Pl)HD +O0%)
10<71 17#10,%1 1710 .

* One chooses | ¥ so that several denominators vanish
< The equation simplifies

% One gets a system of equations to (numerically) solve

4 OPP at works

% For each phase-space point, the system must be solved

GEEN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN AN BN BN BN BN BN BN BN BN BN BN BN BN M M

N m EmEEEEEEEEEE NN EEE NN N NN NN NN NN NN

% Example for a box diagram, there are typically 50 equations to solve

---------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

“* Need for rational terms (that finds their origin in the ultraviolet): the R; and R; terms

*The R| terms orlglnates from the denominator

°!°The denomlnator structure in the reduction is known

% These terms can be calculated generically

M oEm B B BN W B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B M M N M M N W W W E EmEmEmEmmmom P
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----------------------------------------------------------------------------------------------------------------

4 The R, terms originates from the numerator
< Contributions proportional to [2 can arise
% Process dependent > cannot be included directly in the OPP reduction formula

“* In a renormalizable theory, there is a finite number of such R pieces
* They can be calculated once and for all for a specific model
* They can be casted under the form of R, counterterm Feynman rules

Example: g-g-t-t* vertex

v igs

T [35702 —187{T™, T2} ]

4 The R; calculation for a model has been automated in NLOCT (Degrande (cPc'i5)]
** Included in UFO model files [ oirnac bunr. o Hirechi. Maccormer. Shas et o (n prepy)
< NLOCT also renormalize the theory and include the UV counterterms in the UFO
* On-shell or MS schemes only

N momom m E o E E W W M M S M M M M S M M M M B B M S B B BN BN BN BN BN N B BN NN BN BN M M M M M M M M M M MM EEEEmEmmmmmm?
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[ Christensen, de Aquino, Degrande, Duhr, BF, Herquet, Maltoni & Schumann (EPJC’11) ]

-----------------------------------------------------------------------------------------------------------------------

4 A comprehensive approach to Monte Carlo simulations

Counterterms Simulated Event
Idea <€=» Lagrangian ﬁQ‘ y clmulated o g - EVENT
collisions analysis

FEYNRULES UFO  MADGRAPH5 PYTHIA FASTJET

aMC@NLO HERWIG DELPHES MADANALYSIS5
Exp. soft. Analysis codes

4 Streamline the chain from the model Lagrangian to analyzed simulated collisions

% FEYNRULES is linked to the NLOCT module 1Aloul Christensen, Degrande, Duhr & BF (CPC’14); Degrande (CPC’I5) ]

* Calculation of UV and Ry counterterms [ pegrande, Duhr, BF, Mattelaer & Reither (CPC'12) ]
. . D de, Duhr, BF, Hirschi, Mattelaer, Sh tal. (i .
* Export of the information to the UFO L Degrande, Buhr, BF, Hirschi, Matcelaer, Shao et al. (i prep-) |

M Em N EN B BN BN N W B BN BN BN B BN BN N BN BN BN BN BN BN BN BN BN BN B M M M M M M W W mmmm

-----------------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

Vs A3

4 MADLOOP uses MADGRAPH tree-level capabilities for loop calculations

% Loop-diagrams with n external legs are cut: tree-level diagrams with n+2 external legs

* All diagrams with 2 extra parton in the final states are generated
* A first filter removes the non-necessary ones (including permutations, mirror graphs, etc.)
* A second filter removes the external line tadpoles and bubbles graphs

4 MADLOOP then calculates the virtual contributions
% Contraction with Born diagrams, color traces calculated, ... performed

* Internal propagator denominators are removed
% We have the loop integrand numerator

% The OPP method is used for its evaluation

GEEN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B My
% W E B W O S W M M W M M O B S B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B BN B B M M B M M W W EmEmom P

< UV and Rz counterterm diagrams added
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---------------------------------------------------------------------------------------------------------------

L4 .

% All the individual pieces are infrared-divergent
* Issues for a numerical code

< The sum is finite (KLN theorem)

* The divergences have the same origin and cancel
* Numerically, their cancellation must be dealt explicitly
* Introduction of a subtraction method

ST W E E EEEEEEEEEEEEEEEEEEEEEEEEEEEEEE Y
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. 4 Divergences are related to soft and collinear radiation :
: % .I“{g_g_l_____e_m_|§§.|.9_r_)._.(_|__r)_m';_he soft limit) T —
: iM =~ gsT? { € — 1€ imBorn : q :
: k9k¥(1 + cos@)  kPkI(1 — cos6) g ]
A N l] .............................. E
E *‘Vlrtual corrections (in the soft limit) :
s N T e e ; :
: P . k]_ . k2 . B : : q :
: gIM%(/g)/dk iM>orn v '
: ° ® k2 (KOk(1 — cos 0))(kIkI(1 + cosh)) e :
E O TR : - a E
< If we cannot distinguish the “no branching” from the “soft-collinear emission” case !
* Cancellation occurs
: * Infrared safety: observables are not sensitive to soft-collinear emissions :

< Real emission: poles appears after integration over the d-dimensional phase space

¢ Virtual contributions: in dimensional regularization, the poles appears as poles in the
regularization parameter

A R R R R R R R e
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---------------------------------------------------------------------------------------------------------------

¢ N

% The subtraction terms ¢ contains the pole structure

* Subtracted from the reals > makes them finite

* Added back to the virtuals > makes them finite

* All individual pieces are finite

* Integrals can be made numerically in four dimensions

ST W M E EEE N EEEEEEEEEEEEEEEEEEEENEEN®EN®B®§ B
- OE O W M O W M O B M M O B M M B M M B N M M M M M M M M M M M E W

---------------------------------------------------------------------------------------------------------------

¢ Must match the infrared structure of the real

< Should be integrable over the one-body phase space conveniently
* To get the soft and collinear pieces of the virtuals

A .

% Should be integrable numerically conveniently

----------------------------------------------------------------------------------------------------------------
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[ Frixione, Kunszt, Signer (NPB’96) ]

----------------------------------------------------------------------------------------------------------------

. 4 Division of the phase space 5
. * Decomposition of the matrix element: at most one singularity per term 5
da(”“) = ZSijdagj "+1) where (i) denotes a parton pair that yields an IR divergence
'2~The behavior of Sj is such that:
: * Sjj— | if the partons i and j are collinear
: * Sii— | if the partons i is soft
:‘ * Sji—0 for all other infrared limits
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NLO predictions matched to parton showers for new physics

...................................... /LJ ........................................ Controls the
+ The divergent behaviour of Ojreads =~ soft pieces
. 1 1 1 1 , CEVS
dU,Ej ) 5 X =5 with S
Ei 1 —cosb;; & 1 —y Yij = Ccosb;; :

Controls the
collinear pieces

éda,fj +1) _ [gLL - ”L[@?(l — ij)

%]
yz]
Regulators: No more IR Factorized
“plus-distribution” divergencies phase space

Conclusions

ey (L L[ FE6) — F0OEm — &), [ LN e — a6 —
fU &) (&)c_/o % & ’/ld%g(%j)(ly»aj)g_/ld%j J 1—%;'3
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4 The regulators define events and counterevents

% Integratlng over the regulators gives

d<+> __________ [1” _________ e ] ....... J(MJ)dgdyj _______________________________________________________________________________________

&i — Yij /v Event
gmax 1
— / d&-@/ dy%.?&- . [Z:?,j 6?,; yng EE‘? 531 yzj 1 + 5r\

Counterevent

( E'EJ 0 y’a_? fcut Ez) + E’ﬂj (O 1) (ECUt E"" y?’j 1+ 5]/

+ Propertles of events and counterevents

% If i and j are on-shell (event), the combined ij parton is on-shell (counterevent)
* This leads to a reshuffling of all particle momenta

< An event and the associated counterevent can fill different histogram bins
* Peak-dip structure for the fixed-order distributions
(even for IR safe observables and for any binning resolution)

PR I R I I I R I R
-
N mm E E EEEE NN S NN S N S M M M S S B SN BN B BN BN BN BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M BN BN M M M O E mom

----------------------------------------------------------------------------------------------------------------
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4 Unweighting is not possible at the fixed order

¢ Kinematic mismatch of events and counterevents
* The (n)-body and (n+/)-body contributions are not bounded from above
* Only weighted events can be used

4 FKS subtraction is taken care of by MADFKS tFrederixetal gHeros)
< Two sets of momenta are generated
* (n)-body: Born, virtuals and counterterms
* (n+1)-body: real emission
< Histograms are filled and cuts are applied on the fly
* Using different weights for the different terms

---------------------------------------------------------------------------------------------------------------

ST W OE E N E N EEEEEEEEEEEEEEEEEEEEEEEEEEENN® N

---------------------------------------------------------------------------------------------------------------

I'é ......... 10_2 ............................................................................................................. \:
: ttH production at the 13 TeV LHC F
: boosted cuts: py(t), pr(f), pr(H) > 200 GeV "
. 4 Fixed-order instabilities ol onos |
: % (n)-body kinematical constraints relaxed in s ot T T omemmEer
: the (n+/)-body case 2
: . . . . . 10° :8 i
: * Weird behavior of the distributions 2 ¥
E AR E— 2(iJO — 00 800 80 E
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4 Parton shower / hadronization effects :
. < Evolution of hard partons down to more realistic final states made of hadrons
5 * Fully exclusive description of the events :
| *» Resummation of the soft-collinear QCD radiation :
§ * Cures the fixed-order instabilities !

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

Born and virtuals

% Two sources of double counting
% Radiation: both at the level of the reals and of the shower
% No radiation: both in the virtuals and in the no-emission probability

------------------------.
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\
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[ Frixione, Webber (JHEP’02) ]

---------------------------------------------------------------------------------------------------------------

4 Solution to the double counting issue

% The shower is unitary
* What is double counted in the virtuals is (minus) what is double counted in the reals

* Adding and subtracting identical contributions

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
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* Iﬁ% represents the shower operator for a (n)-body final state
* The MC counterterms: how the shower gets from an (n)-body to a (n+/)-body final state

0P

O T M M M M B M M M M M B M M B M M R R M RN M RN R RN M M N BN BN BN N BN BN MM B MM M BN N M B M M M M W MW W Om W
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[ Frixione, Webber (JHEP’02) ]

---------------------------------------------------------------------------------------------------------------

< They allows for maintaining the NLO normalization of the cross section
* After expanding the shower operator at order ;s

< They match the real emission IR behavior (by definition of the shower)

* The MC counterterms and the reals have the same kinematics by construction
(no need for momentum reshuffling; the cancellation is exact)

* Weights for the (n)-body and (n+1)-body are now bounded from above
* Unweighting is possible

% They ensure a smooth transition between the hard and soft-collinear regions

* Soft-collinear region: R ~ MC and the shower dominates
* Hard region: MC~0, Z{" ~0, Z{"*" ~1 and the hard emission dominates

¢ TH EN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M My
M Em W OB BN N BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B BN B B M M M M M N N W E mmom P

% They are shower-dependent

---------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

4 MC and FKS counterterms

< The MC counterterms cannot be integrated numerically
* Issue with the pole cancellation in the virtuals
* Using both FKS and MC counterterms

§aNLo = / d*®, [B+ ( / di v+ / dd<I>1C) - / d4<1>1(/\/lc —c)]zﬁgg / S [R Mc]z<““>§
loop

S-events H-events

“* In practice, S-events and H-events are generated separately

* The related contribution can carry a negative weight
* The sign of the weight has to be included in the unweighting procedure

i i R I I IO B
 a e EEEEEEEEEE e e e e e E e EEE e EEEEEEEEEEEEEE ===

---------------------------------------------------------------------------------------------------------------
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-----------------------------------------------------------------------------------------------------------------------

"4 A comprehensive approach to Monte Carlo simulations

- -y

Counterterms Simulated Event
Idea <€=» Lagrangian ﬁQ‘ p clmulated o g - EVENT
collisions analysis
FEYNRULES UFO MADGRAPH5 PYTHIA FASTJET
@MC@NLO  HERWIG  DELPHES MADANALYSIS5
Exp. soft. Analysis codes

New colored
state information

4 Streamline the chain from the model Lagrangian to analyzed simulated collisions

¢ FEYNRULES is linked to the NLOCT module [Aioul, Christensen, Degrande, Duhr & BF (CPC’14); Degrande (CPC’15) ]

* Calculation of UV and Rz counterterms | pegrande, buhr, BF, Mattelaer & Reither (CPC'12)
¢ EXPOI"t Of the information to the UFO [ Degrande, Duhr, BF, Hirschi, Mattelaer, Shao et al. (in prep.) ]

% Matching to parton showers with MADGRAPH5 aMC@NLO

[ Alwall, Frederix, Frixione, Hirschi, Mattelaer, Shao, Stelzer, Torrielli & Zaro (JHEP’14) ]
* Monte Carlo counterterms associated with the new colored states are included

(for standard colored states)
* Restrictions on the parton shower code to employ (PYTHIA 8, HERWIG++)

e Em M W W N R B B B BN RN RN M AN RN BN M M BN M M M M M M M M M M M M M M M M W MM MWW W NN EEEEEEE
~.----------------------------------------------------------
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[ Degrande, BF, Hirschi, Proudom & Shao (PRD’15) ]

---------------------------------------------------------------------------------------------------------------

¢

: 4 Motivations !
% A brand new machinery must be tested and validated 5
: * Simple cases with physics motivation come first :
5 * Many quantities can be calculated analytically (UV and R, counterterms, etc.) :
: * First use of FEYNRULES/aMC@NLO for a model with an extended colored sector
% Physics case: stop searches in the toptantitop+MET channel t :
E T X
E B :
i v 3

---------------------------------------------------------------------------------------------------------------
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. 4 We supplement the Standard Model with a stop (03) and a bino (¥)
5 D o Doy —m Y — tmo Ho Pr 43 5
: L3 =Dy 03D 03 @(@mxxx + [03t(gLPL +9RPR)X® :
Production Decay
% One scalar field in the fundamental representation (03) :
: % One gauge-singlet Majorana fermion () coupling the stop to the top :
4 Representative Feynman diagrams (cf. a top+antitop+MET signature) k
a — . s ) |
| “ Virtual el
: Production (at NLO) \_ Decay )

---------------------------------------------------------------------------------------------------------------
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[ Degrande, BF, Hirschi, Proudom & Shao (PRD’15) ]

---------------------------------------------------------------------------------------------------------------

4 The UV behavior of the model has been extensively checked analytically
’!'Wave function and mass renormalization constants in the on-shell scheme

g2 [1 m2 22 2
62, = 5205 — [_ 1 _3] _ B3 47 310g™]
961r2 : g 2 0Z,, =0 and dmjg 1on2 |2 + 7 —3log 2,

% Strong coupling renormalization: zero-momentum subtraction
* Heavy particle contributions subtracted from the gluon self-energy

bas a5 [ny 11 as [1 m? as [1 m2
= —_— = = — :—].Og—2 :—].Og—,z
Qg 2me | 3 2 G T 247 | € i

% New physics UV counterterms
* Non-trivial (non-supersymmetric) behavior of the neutralino couplings verified

% New physics R, counterterms

g T P
v”/ g ,"”/ t t
el NSRSy VS
“‘\\‘H %—* ‘\\ —i—* t
g ““““"-. ~
. 4 . 3 2
tgs aya a a 53293 a H L9 2 2
T2l (387 —18T{T™, T}] 5762 Loses (P2~ P3) Tz Ocics [3m3 — 7]

—----------------------------------
N m W E B W W S N N N N N O S N W M M M S M B S B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B BN BN BN BN BN BN BN B B M M M W W N EEmm P
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---------------------------------------------------------------------------------------------------------------

Automated NLO calculations in QCD

4 The IR behavior of the model has been extensively checked numerically
< Universality of QCD predicts it

---------------------------------------------------------------------------------------------------------------

4 Total rates at 13 TeV
ms3 [GeV] o™ [pb] a™*© [pb]

3 +29.1% 3 4.1% 2%

100 | 1.066 =+ 0.0025 - 10 tm-ifé 1.497 4+ 0.0054 - 10 j}l}% t}_zz)
35.2% 2.1% +2.4%

250 | 1.553 +0.0037 - 10! j23_86727 2.156 + 0.0067 - 10 t}z;{; t“?

— 39.6% — 2% 47

500 |3.890 4 0.0093 - 10~ * “_“26_4? 5.062 +0.015 - 107! t};_ggo jj_‘;gf
-2 +41.8% -2 +10.8% +6.1%

750  [3.306 £ 0.0081 - 10 fm;% 4.001 4 0.012 - 10 fm? jﬁ_lgo

—3 +43.6% -3 +10.9% +7.9%

1000 | 4.614 +0.011-10° *2%-5% [5.219 £0.016 - 1073 *10-05 *7-0%

g Agreement with PROSPINO [ Beenakker, Kramer, Plehn, Spira & Zerwas (NPB’98) ]

% Enhancement of the cross section of 25% (heavy stops) - 50% (light stops)
* Genuine NLO contributions

«* Sizeable reduction of the scale uncertainties

Stop pair-production SUSY-QCD Conclusions

--mmmm

* NNPDF 2.3
* Scales set to the stop mass

* Scale uncertainties: factor of 2 up and down
* PDF uncertainties: |00 NNPDF replica

M E OE OE W W OE NN E NN EEEEEEEEEENN®N®NN®SD SNBSS SESEm®

---------------------------------------------------------------------------------------------------------------
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[ Degrande, BF, Hirschi, Proudom & Shao (PRD’15) ]

---------------------------------------------------------------------------------------------------------------------

| 4 Differential distributions at NLO (illustrative example) 5
.+ Setup: 5
5 * Benchmarks: 500/1000 GeV stop; 50/200 GeV bino E
5 * Semileptonic decay (single lepton S|gnal) .................................................................. T -
: * Shower: PYTHIA 8.2 2 F o
' [ Sjostrand, Mrenna & Skands (CPC’08) ] Zg 10° 3 (mx, mg) = (50,500) GeV "
* Jet reconstruction: anti-kt & FASTJET - (mx, mo) = (50,1000) GeV | |
: [ Cacciari, Salam & Soyez (JHEP'08, EPJC’12) ] o T (mx, mo) = (200,500) GeV | |
: * Analysis (single lepton): MADANALYSIS 5 = T :
" [ Conte, BF, Serret (CPC’13) ] .
: 10° == ;
. Comparing LO+PS and NLO+PS - F i
: * Constant K-factors not always accurate | "¢ :
: * The K-factors depend on the scenario @ [ 7 E
: v 1 i? 1 1 1 1 1 1 1 E
How do the experimental results
; depend on the NLO effects!?

---------------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

4 The CMS-SUS-13-01 | study relies on LO simulation and MLM merging
 Simulated signal:p p = ©t + 0,1,2 jets at the LO, and MLM-merged
% Parton showering: PYTHIA 6 with the Z; tune [Fieid aPPE I)]

4 Analysis of the single-leptonic (plus MET) decay of the stop pair

* One single lepton and 4 jets (mainly issued from the stop-antistop system decay)
< Large missing energy
% At least one b-jet

% Top reconstruction quality

Ll R i e R R LY
A mm B BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B W m

¢ Transverse variable constraints

. 4 Feature
% The selection does not really depend on the extra jets :
* The main hadronic activity comes from the decay products
“* The limit should be agnostic of the merging, of the NLO corrections, etc.
% The uncertainties should not! 5
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[ Ambrogi, Conte, BF, Kulkarni & Molter (in preparation) ]

| 4 Relies on leading order simulation and MLM merging
. < Simulated signal:p p = T & + 0,1,2 jets @LO ; PYTHIA 6 with the Z; tune :
* Feature: the limit should be agnostic of the merging

---------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------

[ Conte, BF, Serret (CPC’13); Conte, Dumont, BF, Wymant (EPJC’14) ] T

" *Verlf‘catlon with MADANALYSIS 5 [ Dumont, BF, Kraml et al. (EPJC’15) ] E
E * Good agreement with the official exclusion at the 20 GeV level :
: '!'The limit does not depend on the merglng :
: = ;;(.) ..... EchusmnforCMSSUSlBOll ......... 400 ....... EXdUSIOnforCMSSUSBOHI
: H— CMs-SUS-13-011 official } I ] | — CMS-5US-13-011 official {: !
: 3505 oo 22c73é2t5p0|nts -------------- -------------------- _ 350:_... ::Cﬁ)l?;r;tjpmnts """"" """""""""" 1 E
: 300 ................................................................. .................... _ 300 :— - : :
; T+ 0 1,2 jets | | ] ; :
: 52500 MLM-merged  piiidEs, | .= 250 :
' ) - ! i PV B '
: o 200: ........................ 2 200F :
E & 150} ‘ S 150} E
E : 1003 .............. 1005 E
E s0f . sof ;
: =700 %0 300 400 500 600 700 ;
S my LGEVY : S m;, [GeV] :
I '
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| 4 Moving towards more modern tools 3
|. Simulated signal:pp = ©t + 0,1,2 jets @LO ; PYTHIA 6 with the Z; tune :
. 2. Simulated signal:pp = tt" + 0,1,2 jets @LO ; PYTHIA 8 with the MONASH tune :
; [ Skands, Carrazza & Rojo (EPJC ’14) ] ,

4 How are the limits changing?
% Limits stable at the 20-40 GeV level (better agreement with the official limit...)
“* What would be the effect of a more modern PYTHIA and tune on the limits?!

Exclu5|on for CMS SUS 13 011 : : Exclu5|on for CMS SUS 13 011

’
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
' .
1 :
: L 400 R 1 ‘ — :
' : [ — CMS-SUS-13-011 official 3 1 § o CMS-5US-13-011 offcial 1 '
! H All points | G 4 i All points | L SRREEEE SRS SEE LSS LI q :
: 350: ®e Excluded points 3 1 350: o0 Excluded points } § 1 E
1 : - : : g : : r .
: 300 ____________________________________________________________________________________________________________ ] BOO o ] :
' T +O|2]ets : £t +O,|,2]ets | ] : !
iy 250 ------- . gy 250 """"""""""""""""""""""""""""""""""""""""" S 1 '
: > MLM- merged - % MLM-merged s 1 :
. : L : i : : 1
' . 200p THIA 6 A0 e e . - O 200F  PYTHIAS il il Bl | :
1 Pooo r ot ] o r i 1
: Ssof - £ 150F A 1 :
1 : o : - o 1
: - . + 4 : 1
: 100p 100F gEeHESHHE R Y, 1 :
" 1 - 1 ¢ 1
: S50F- 50F :
! I P !
1 L/ o o o i : 4 :
. 900 300 400 500 600 700 : '
; m;. [GeV] : :
1 1 '
| 1
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[ Ambrogi, Conte, BF, Kulkarni & Molter (in preparation) ]

---------------------------------------------------------------------------------------------------------------

" 4 LO and NLO 3
|. Simulated signal:p p = ©t* + 0,1,2 jets @LO ; PYTHIA 8 with the MONASH tune E
+ 2. Simulated signal:p p = ©t* + 0 jet @NLO ; PYTHIA 8 with the MONASH tune :

4 How are the limits changing?
¢ Stable constraints (due to the many jets already there at the LO)

Echu5|on for CMS SUS 13 011 : : Exclu5|on for CMS SUS 13 011
[ — CMS-5US-13-011 official j ] : T CMS-5US-13-011 official ‘

- All points ? : 1 : L I t 1
350H s T (RN PP 4 : i All points | . o P SR J
[ eee Excluded points g : 1 g 350; 0co Excluded points 3 5 1

250_ NLO PYTHIA#E =

200:

mX(I)[GeV]

150}

mX?[GeV]

100¢f

50F

my, [GeV] : :

W N B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B M M M B g,
Am EE W BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN SN BN BN BN BN SN BN BN BN SN BN BN BN BN BN BN BN BN BN BN W W -

---------------------------------------------------------------------------------------------------------------

This is an analysis dependent statement
NLO effects could be crucial for some analyses!!!
Better control of the uncertainties in all cases!
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[ Ambrogi, Conte, BF, Kulkarni & Molter (in preparation) ]

--------------------------------------------------------------------------------------------------------------

] 4 NLO merging effects!? 3
+ l.pp = tt*+ 0 jet @NLO ; PYTHIA 8 with the MONASH tune :
\ PPt Ol jet @NLO; PxFx-merged ; PYTHIA 8 with the MONASH e ;

4 How are the limits changing?
¢ Stable constraints (due to the many jets already there at the LO)

Exclusion for CMS-SUS-13-011 Excluston for CMS-5US-13-011

400 T T T T T T T T T T T T T T T T T T T T T T T T H :
[ — ! 5 ] : 400
C i:\l"sos_uts 13-011 official : g 1 g [[— cMs-sUs-13-011 official | | :
350H points L L 1 : . All points | | |
[| eee Excluded points : ' 1 : 3507 ? R U EREREEER R SRR 7

[|eoe Excluded points

2005 PYTHIA8 pesT T

N BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B M M M B g,
Am mE W BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN SN BN BN SN BN BN BN SN BN SN BN BN BN BN BN SN BN BN BN BN BN BN B W =

NLO predictions matched to parton showers for new physics Benjamin Fuks - 16.12.2015 - 40



Need for precision Monte Carlo Automated NLO calculations in QCD Stop pair-production SUSY-QCD Conclusions

NLO predictions matched to parton showers for new physics Benjamin Fuks - 16.12.2015 - 4|



Need for precision Monte Carlo Automated NLO calculations in QCD Stop pair-production SUSY-QCD Conclusions

[ Degrande, BF, Hirschi, Proudom & Shao (1510.00391) ]

---------------------------------------------------------------------------------------------------------------

4 Motivations
% First steps towards a complete non trivial model

% Missing: OS subtraction of intermediate resonances in the reals [in progress]
* Physics example: decoupled squarks ( = gluino simplified models)

% Physics case: gluino searches in the multijet pair+MET channel

S EEE EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEm,
N Em o W OB O W OB OB B M BN BN M BN BN N M B BN BN BN BN BN BN B B BN M M B M M O W W
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[ Degrande, BF, Hirschi, Proudom & Shao (1510.00391) ]

---------------------------------------------------------------------------------------------------------------

. 4 The supersymmetric QCD model ‘;
55 . R o O T E
1 1 Lsqop = Duqr D*qr + DyuqpD*qr + —9199 —mg, qrdr, — m3, dndr — 5?%99 :
v 2 :
5 + V29, [ 4} T(GPLq) + (7PLG)Tdr + h.c } ~ % [qRTqR - TQ'L] [ Tqr — TQL] :
: * All (s)quarks, gluino and gluon supersymmetric-QCD interactions included
3 (the SM ones being omitted) ;
" 4 Checks of the implementation E
< Analytical checks of the UV structure of the model :
: * Numerical checks of the IR behavior
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Automated NLO calculations in QCD

Stop pair-production SUSY-QCD Conclusions

4 Total rates at 13 TeV

[ Degrande, BF, Hirschi, Proudom & Shao (1510.00391) ]

S T M M M M M O O M S S M M M M M M S R M BN M BN BN M B A A B BN M BN BN M M M M M W W W Wy

mg [GeV] o™ [pb] o™ [pb]
200 2104*30-3% +14.0% 3183117 6% T18%
500 15.46+34.77%+19.5% 24,90 13 o T
750 1.206+35:9% +23.5% 2.009713 5% T2
1000 1.608 - 1071 $36:3%+26.4% 2.743 - 1071 F14.4%47.3%
1500 6.264 - 10313627 +20.4% 1.056 - 1072 +16-1% +11.5%
2000 4.217-1074155-8%+298% 632710741 LT HIT 8%

’2‘ Agreement W|th PROSPl NQ [ Beenakker, Kramer, Plehn, Spira & Zerwas (NPB’98) ]
* Generalization of the PROSPINO setup (different squark masses)

¢* Enhancement of the cross section of 50%
* Genuine NLO contributions

2 Sizeable reduction of the scale uncertainties

¢* Drastic reduction of the PDF uncertainties
* Due to the poor quality of the NNPDF LO fit

* NNPDF 3.0
* Scales set to the gluino mass
* Scale uncertainties: factor of 2 up and down

* PDF uncertainties: |00 NNPDF replica
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[ Degrande, BF, Hirschi, Proudom & Shao (1510.00391) ]

L d -~

. 4 Strategy for getting differential distributions at NLO and event generation
“ Benchmarks:| or 2 TeV gluino; decoupled squarks; 50 GeV neutralino
< Shower: PYTHIA 8.2 sjostrand, Mrenna & skands (cPc'08) ]
% Jet reconstruction: anti-kt & FASTJET [ cacciari, Salam & Soyez (JHEP'08, EPJC’12) ]

< Analysis: MADANALYSIS 5 I Conte, BF, Serret (CPC'13)]

% Recap: four jets are issued from the gluino decays

CEmEEEEEEEEEEE e e e e e=?

---------------------------------------------------------------------------------------------------------------------
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- -y

< The first jet mostly arises from decays
% The low pT region is depleted (heavy gluino)

- fLO
. -~ fNLO

|
deagypen

< Constant K-factors not accurate for small pr
< NLO effects

* Normalization increase
* Distortion of the shapes
* Reduction of the theoretical uncertainties

10 \s =13 TeV

do [pb per bin]

O'IN®DINE SU

10°

10

e A LO description with a constant

= =28 K-factor could yield a very inaccurate
= St o S signal modelling in the low-pT region

T
-
g
w
=
x
N’
I
~

h o
=3
=3
s
wn
=
S
Q
]
<

10°
M 4

,,,,,

_______________

1.5

_________

o (m_,m ) = (1000, 50) GeV
1_35:__: ................................... (mg,m/)=(2000,50)GéV ..............................................................

ol 1 : 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 .
0 200 400 600 800 1000 1200 1400 1600 : c o
pG)[GeV] Region better described

by parton showers
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- -y

% Mixed effects: origin of the third jet
* Sometimes a decay jet
* Sometimes a radiation jet
* More activity in the low-pT region

- fL.O
- fNLO

|
deagypen

10 \s =13 TeV

do [pb per bin]

= =
|

O'IN®DIN® SU

¢ Constant K-factors not accurate
* At all for | TeV gluinos
* In the small pt region for 2 TeV gluinos

(m_,m. ) = (2000, 50) GeV * NLO effects
e RN * Crucial for a precise description of the signal

e SEe. Rl * Reduction of the theoretical uncertainties

M s S S S : .
B o s Shower effects > low pr region

[
=

o
III|

(mg, mX) = (1000, 50) GeV

104| -

1.5 .. I.;.;.;.:..:., - 7;_7_7;1::::::1::I_ it i e AR AR Tm e T T T e d S S A SRR R R R T T T e el

AL B R
0 100 200

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
300 400 500 600 700 800 . 900 1000 :
PT(JS) [GeV] :
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Ist jet pT

E - B (m_,m ) = (1000, 50) GeV e §

P e = — —— NLO+Pythia 8 Q .

2 L o £ . ¢ Parton showers populate the low-pt region

P = - o .

- F — s | * Emitted partons often not reclustered back
5| P

:o - \s = 13 TeV ;i .

i o1 * Extra softer jets
Z . .
10° S * Distortion of the spectrum

. 5 * Effects milder for hard pr
(the matrix element drives the shape)

"E (mgem,) = 2000,50) GeV % K-factor behavior (fixed-order vs. ME+PS)
- . % Changes more pronounced for | TeV gluinos
i > Drastic change of the behavior
a : 77777 . * Effects appear at larger pt for 2 TeV gluinos
1.5E ------------------------ (mkm/):(moo,o)(ev ----------------------------------------------------- < The “decay” origin of the jets dominates
o — A AN S— * Single peak at a large pr value
S = Mo

Ll 1 . 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 é
0 200 400 600 800 1000 1200 lflOO 1600 :
p,G,) [GeV]
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- -y

% Mixed effects: origin of the third jet
* Sometimes a decay jet
* Sometimes a radiation jet
* Entanglement of the two effects: two peaks

—— LO+Pythia 8
— NLO+Pythia 8
- fLO
-~ fNLO

deagpen

102

O'IN®DINE U

do [pb per bin]

\s =13 TeV

10 % Parton showers populate the low-pt region
* Emitted partons often not reclustered back
* Extra softer jets
* Distortion of the spectrum
* Effects milder for hard pr

(the matrix element drives the shape)

(mg’ mx) = (1000, 50) GeV

(mg, mx) = (2000, 50) GeV

_________

L -"1 % K-factor behavior (fixed-order vs. ME+PYS)

_____________
..............................................................................................

* Changes more pronounced for | TeV gluinos

,,,,,,

- o (m_,m ) = (1000,50) & : )
e mmy=am. ey LT * Effect at larger p1 for 2 TeV gluinos
0.5 [ -+t e :

1 ! 1 1 1 : I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 :
0 100 200 300 400 500 600 700 800 . 900 1000
PT(] 3) [GeV]
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----------------------------------------------------------------------------------------------------------------

4 The automation of NLO simulations (in QCD) for new physics is now feasible
* Via a joint use of FEYNRULES and MADGRAPH5 aMC@NLO

< Divergence cancellation (UV, R2 and MC counterterms) are automatically handled

O OB O O W OE W W N N WO Om W

% A few models are now publicly available (more to come)

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

% Stop/sgluon/gluino simplified models [ Degrande, BF, Hirschi, Proudom & shao ]

< SUSY-QCD (subtraction of intermediate resonances in development)
% Electroweakinos and sleptons soon available 1 &F «iasen, Lamprea & Zaro ]

< The Two-Higgs-Doublet Model| [ Degrande]

% The Georgi-Machacek model rreterson]

< Dark matter simplified model [ Martini & Mawatari]

< Higgs effective field theory [Degrande, BF, Mawatari, Mimasu & Sanz ]

< Top effective field theory 1z

[ http://feynrules.irmp.ucl.ac.be/wiki/NLOModels ]

N mm mmmmE """ """ EEEEEEEEEEEEEENE®NBG®NBE®NE®EE®E®EE =S
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